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Abstract
Apoptosis is a precisely regulated process of cell death which occurs widely in multicellular organisms and is
essential for normal development and immune defences. In recent years, interest has grown in the occurrence of
apoptosis in unicellular organisms. In particular, as apoptosis has been reported in a wide range of species, includ-
ing protozoan malaria parasites and trypanosomes, it may provide a novel target for intervention. However, it is
important to understand when and why parasites employ an apoptosis strategy before the likely long- and short-
term success of such an intervention can be evaluated. The occurrence of apoptosis in unicellular parasites pro-
vides a challenge for evolutionary theory to explain as organisms are expected to have evolved to maximise their
own proliferation, not death. One possible explanation is that protozoan parasites undergo apoptosis in order to
gain a group benefit from controlling their density as this prevents premature vector mortality. However, experi-
mental manipulations to examine the ultimate causes behind apoptosis in parasites are lacking. In this review, we
focus on malaria parasites to outline how an evolutionary framework can help make predictions about the ecologi-
cal circumstances under which apoptosis could evolve. We then highlight the ecological considerations that
should be taken into account when designing evolutionary experiments involving markers of cell death, and we
call for collaboration between researchers in different fields to identify and develop appropriate markers in refer-
ence to parasite ecology and to resolve debates on terminology.
Introduction
Apoptosis is a controlled process of programmed cell
death by which unwanted or damaged cells are elimi-
nated [1,2]. In metazoans, the apoptosis pathway was
first described over 35 years ago [3], and is now recog-
nised as essential for normal growth and development,
as well helping to guard against infections and the onset
of cancer [1,4]. The process of apoptosis is initiated by
the activation of death receptors, or by intracellular
stress conditions [5]. This leads to a series of genetically
controlled and ordered biochemical changes, resulting in
morphological changes to the cell [5]. These include the
condensing of chromatin, DNA breakdown, membrane
changes, shrinkage of the cell and finally the formation
of apoptotic bodies [6]. The membrane changes involved
in apoptosis act as a signal for apoptotic bodies to be
taken up by macrophages, preventing inflammation, as
well as passing on information to scavenger cells on the
cause of death [7]. In mammals, the process of apoptosis
is rapid, removing cells within hours of initiation with-
out evoking the inflammatory arm of the immune
system.
Traditionally, apoptosis was thought of as a cellular
activity exclusively relevant to multicellular organisms,
but this view has recently been challenged. Morphologi-
cal changes during cell death that are consistent with
programmed cell death (PCD) have been reported for a
range of unicellular organisms, including protozoan
parasites [8-12]. The number of studies revealing PCD
markers in unicellular organisms is rapidly increasing,
and range across bacteria [13], slime moulds [14], yeast
[15,16], algae [17], Trypanosomes [18-21], Leishmania
[18,22], and Plasmodium [23-26]. The occurrence of
PCD in unicellular parasites has proved controversial
because, whilst the morphologies observed are consis-
tent with apoptosis, it appears that the pathways
involved are different to those in mammalian cells
where the majority of research has focussed [8,27].
It is likely that like with other eukaryote cells [28] var-
ious forms of programmed cell death may be important
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detection of, and semantics for, parasite apoptosis is the
focus of other papers within this thematic issue
(Jiménez-Ruiz et al., ‘Apoptotic markers in protozoan
parasites’;P i c o tet al. ’Are protozoan metacaspases
potential parasite killers?’). Here, we use the term ‘apop-
tosis’ to describe cells that have made the decision to
die (analogous to suicide) as a strategy to improve trans-
mission of surviving parasites. The distinction between
apoptosis a strategy employed by parasites to die and
apoptosis as simply the way in which parasites die when
they are killed by host/vector factors is key; the former
predicts apoptosis benefits all parasites in an infection,
the latter predicts that a reduction in numbers is detri-
mental. As we are primarily interested in the evolution-
ary explanations for apoptosis to occur our focus is on
apoptosis as a parasite strategy.
The occurrence of apoptosis in unicellular parasites is
a challenge to explain because “Darwinian survival of
the fittest” assumes organisms have evolved strategies to
maximise their proliferation not their death. Here, we
outline possible evolutionary explanations for apoptosis
in protozoan parasites and suggest how they should be
tested, with an emphasis on the importance of consider-
ing parasite ecology. We focus on malaria (Plasmodium)
parasites as the application of an evolutionary frame-
work to understand parasite life-history traits is better
developed for malaria than other protozoan parasite spe-
cies [30-33]. However, natural selection finds similar
solutions to shared problems; therefore, it is likely that
our message will be applicable more broadly to proto-
zoan parasites. We start by outlining what is currently
known about apoptosis in malaria parasites and the pos-
sible evolutionary explanations for why parasites would
employ this strategy. We then go on to highlight the
ecological factors which should be considered in choos-
ing markers and conducting experiments on protozoan
apoptosis, before suggesting possible future directions
for testing the evolutionary explanations.
Apoptosis in malaria parasites
Whilst in their vertebrate host’s circulation, Plasmodium
parasites produce asexual stage parasites, which go
through rounds of replication within their host’sr e d
blood cells, and so maintain the infection. They also
produce sexually differentiated transmission stages
(gametocytes) which no longer replicate but if taken up
by the mosquito vector provide the potential for trans-
mission [34,35]. When taken up in a vector’sb l o o d
meal, gametocytes must immediately differentiate into
male and female gametes and mate (Figure 1). Within
18-20 hours post fertilisation, each zygote transforms
into a motile ookinete, which traverses the midgut wall
and invades the epithelium of their vector. Here, each
ookinete differentiates into an oocyst and divides asexu-
ally to produce thousands of sporozoites. When an
oocyst ruptures, its sporozoites are released into the
haemocoel to migrate to the salivary glands, ready to be
injected into new hosts [34,36]. This whole process,
termed sporogony, takes around 21 days for P. berghei
in Anopheles stephensi [37].
Recent research has revealed that large numbers of
ookinete stage parasites display a variety of apoptosis
markers (e.g. condensed chromatin, fragmented DNA,
caspase-like activity, translocation of phosphatidylserine
and loss of mitochondrial membrane potential)
(Table 1). This includes observations in the rodent
malaria parasite P. berghei [24], as well as the human
malaria parasite P. falciparum [25]. There is also evi-
dence of apoptosis markers in zygotes of P. berghei [24]
and in asexual stages of P. falciparum after treatment
with the anti-malarial drug chloroquine [23,26,38] and a
common apoptosis inducer staurosporine [38]. Our own
data provide further evidence for apoptosis in the ooki-
nete stage of P. berghei and also the first evidence for P.
yoelii ookinetes (Table 1; Figure 2; Additional file 1).
Furthermore, previously published accounts of Plasmo-
dium parasites displaying ‘crisis’ or ‘degenerate’ forms
may provide earlier examples of PCD in malaria [39-43].
Controlled experimental approaches have demonstrated
that this phenomenon occurs independently of mosquito
and host immune cells and is not unique to Plasmo-
dium parasites; evidence for apoptosis across a range of
protozoan parasites (including Leishmania, Trypano-
soma and Toxoplasma spp.) is rapidly accumulating
[18,19,22,44].
Protozoan parasites cause some of the most serious
infectious diseases of humans, livestock, wildlife, and
companion animals. The discovery that these unicellular
organisms undergo apoptosis, and that the underlying
molecular and cellular processes appear to differ from
those of multicellular eukaryotes, offers a new paradigm
for medical and veterinary interventions [23]. However,
these differences have also resulted in controversy over
which methods, terminology, and markers are appropri-
ate for protozoan parasites. This debate must be
resolved before parasite apoptosis can be understood:
from the proximate genetic, molecular and cellular
mechanisms that orchestrate cell death, to the ultimate
evolutionary explanations for the existence of PCD in
unicellular organisms.
Evolutionary explanations for apoptosis
For unicellular parasites, suicide may appear to be a
counter-intuitive strategy when organisms are expected
to have evolved to maximise their proliferation. How-
ever, uncontrolled replication often is not the best strat-
egy for parasites as this may lead to the host or vector
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Evolutionary theory therefore suggests that under cer-
tain conditions parasites will be selected to display pru-
dence in order to prevent premature death of their host,
m a x i m i s i n gt h et i m ea n dr e s o u r c e sa v a i l a b l ef o rt r a n s -
mission and therefore their fitness [45-47]. Apoptosis in
single celled organisms can be viewed as an extreme
form of prudence and a cooperative (helping) behaviour.
It has been suggested that protozoan parasites may
undergo apoptosis as a cooperative behaviour in order
to prevent killing the host/vector [20,21,24,48,49]. How-
ever, evolutionary theory predicts that a cooperative
behaviour will only evolve if the cost to the individual
performing the behaviour (the actor) is outweighed by
the benefit to the recipients weighted by the relatedness
of the actor to the recipients [50,51]. A parasite commit-
ting suicide (via apoptosis) is an extreme form of coop-
eration, and obviously death is the highest cost payable.
This means that the relatedness between apoptosing
parasites and the survivors must be high, and that there
must be a substantial benefit provided to the survivors,
otherwise a trait as costly as suicide could not have
evolved. If infections are initiated by one or very few
clones then relatedness will be high. In this case, the
question becomes ‘how can overall transmission success
(fitness) be improved by a reduction in parasite density?’
For malaria parasites, there are at least two non-exclu-
sive reasons why lowering parasite density could
increase the chance of successfully completing the life
cycle in the vector and being transmitted.
First, capping the density of ookinetes within a mosquito
may prevent premature mortality of the vector by limiting
damage caused either by ookinetes traversing the midgut
epithelium or by later stages in sporogony [52]. Limiting
damage to mosquitoes may be particularly important for
malaria parasites as the development time required to be
transmissible from the salivary glands (~3 weeks) is long
compared to the average life expectancy of mosquitoes in
the wild, which some estimates put at as low as 1-2 weeks
for adult females of the Anopheles species [53]. Therefore,
slight variations in the mortality rates of mosquitoes could
have a significant effect on parasite transmission. The
effect of malaria infection on mosquitoes is controversial
with some studies finding a positive correlation between
oocyst density and mosquito mortality, but others finding
no evidence of a cost to lifespan [54]. These contrasting
results may be due to artificially good conditions in lab
experiments masking negative effects of malaria infection
[54]. However, if parasites employ apoptosis to limit
damage to mosquitoes then a benign effect of infection
should not be surprising. Second, ookinetes at high density
could directly effect sporozoite production if oocysts at
high density compete for access to limited resources (e.g.
nutrients), or indirectly by inducing stronger mosquito
immune responses. Little is known about the developmen-
tal requirements of oocysts, but malaria infected mosqui-
toes are more likely to sugar-feed and divert resources
away from reproduction (through apoptosis of their ovary
cells) [55,56], suggesting that malaria infection causes a
significant energetic burden.
Cooperation is widespread and recent advances in
mathematical theory and empirical methods have
revealed that the same general principles explain the
evolution of cooperation and conflict across a wealth of
Figure 1 Life cycle of malaria parasites within the mosquito vector (sporogeny). Timings show approximate estimates of the stages post
blood meal (pbm) for the progression of P. berghei though Anopheles stephensi. Apoptosis has been observed in three species of malaria
parasites at the ookinete stage. The ookinete to oocyst transition is a well known bottleneck in the parasite life-cycle. Estimated reductions in
numbers at this point in the life cycle are variable but for P.berghei in A. stephensi one estimate is a 35 to 120 fold reduction in parasite numbers
depending on the density within the vector [37].
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Species Life cycle stage ref condition Marker Detection method Proportion positive
P. berghei ookinetes In vitro Condensed
chromatin
Acridine orange (Sigma) 18 hrs - 15.5 (±1.06)%
18 hrs - 34.5 (±1.76)%
[83] in PBS suspension 22 hrs - 55.8 (±13.68)%
26 hrs - 49.01 (±5.51)%
Fragmented DNA TUNEL (histochemical,
Calbiochem, UK)
18 hrs - 48.55 (±6.01)%
or 22 hrs - 64.19 (±6.09)%
26 hrs - 69.89 (±2.81)%
In RPMI Caspase-like
activity
CaspaTag (Chemicon
international, USA)
18 hrs - 17.0 (±2.12)
18 hrs - 30.15 (±2.14)%
22 hrs - 43.8 (±1.53)%
18 hrs - 47.72(±3.93)%
Translocation of
phosphatidylserine
Annexin V- FITC apoptosis
detection kit (Sigma, UK)
18 hrs - 19.57 (±1.88)%
22 hrs - 28.33 (±5.61)%
26 hrs - 30.12 (±2.75)%
Mitochondrial
membrane
potential
JC-1 assay kit (Molecular
Probes, UK)
18 hrs - 34.38 (±2.95)%
ookinetes [24] In vitro In RPMI Condensed
chromatin
Acridine orange (Sigma) 24 hrs - 31%
36 hrs - 80%
ookinetes &
zygotes mix
In vivo Condensed
chromatin
Acridine orange (Sigma) 18, 20 & 24 hrs - all over 60%
ookinetes [77] In vitro Translocation of
phosphatidylserine
Annexin-FITC Apoptosis
Detection Kit (Sigma, UK)
<3% (assay time not reported)
Fragmented DNA ApopTag® Fluorescein In Situ
Apoptosis Detection Kit
(Chemicon International)
No positive cells observed
(assay time not reported)
Condensed
chromatin
Acridine orange (Sigma) No positive cells observed
(assay time not reported)
Caspase-like
activity
CaspaTag (Chemicon
international, USA)
21 hrs - 3.8 (±0.05)%
24 hrs - 14 (±9.00)%
ookinetes * In vitro In RPMI Caspase-like
activity
CaspaTag (Chemicon
international, USA)
15 hrs - 13.70 (±12.20)%
18 hrs - 13.06 (±6.42)%
21 hrs - 45.90 (±11.00)%
24 hrs - 67.94 (±4.83)%
ookinetes In vitro In RPMI Fragmented DNA In situ cell death detection kit,
Flourescein (Roche)
15 hrs - 9.38 (±4.44)%
18 hrs - 14.57 (±3.29)%
21 hrs - 22.08(±8.96)%
24 hrs - 9.24 (±3.09)%
ookinetes $ In vitro In RPMI Caspase-like
activity
CaspaTag (Chemicon
international, USA)
18 hrs - 20.06 (±3.50)%
P. yoellii ookinetes * In vitro In RPMI Caspase-like
activity
CaspaTag (Chemicon
international, USA)
15 hrs - No positive cells
observed
18 hrs - 4.85 (±1.40)%
21 hrs - 62.8 (±11.10)%
24 hrs - 92.59 (±7.41)%
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Page 4 of 13taxa (from bacteria to insects to humans). This frame-
work predicts that ookinetes will undergo apoptosis
when closely related parasites benefit, and ookinete
numbers are high enough to negatively affect mosquito
lifespan or sporozoite production. These predictions
provide the specific, testable, hypotheses that: the pro-
portion of apoptosing ookinetes will: (i) be density
dependent and increase with the number of ookinetes in
the midgut; and (ii) be greatest when ookinetes in an
infection are clonally related and decrease as the genetic
diversity of parasites sharing a vector increases. Exam-
ples of unicellular parasites cooperating with relatives in
a density-dependent way are common [57,58]. Many of
the best examples of this come from bacteria that form
complex structures called biofilms to provide protection
from the host immune response or antibiotic drugs [59],
and bacteria that forage cooperatively to extract iron in
a usable form from their host [60].
Despite the generality of the evolutionary principles that
explain cooperation, the suggestion that apoptosis in
malaria parasites is a social trait is controversial. Whilst in
bacteria, quorum sensing mechanisms have been
described to explain the coordination of behaviour [61], as
yet, no specific quorum signalling system has been found
for malaria parasites. However, evidence that malaria
parasites respond to changes in their within-host environ-
ment by altering their resource allocation decisions show
that they can detect and respond to factors such as the
presence of competitors and variation in resource avail-
ability [31,62,63]. The predictions for why parasites
undergo suicide are clear and testing them will resolve
whether parasite apoptosis has been shaped by natural
selection to enable parasites to cooperate with their kin.
As with all emerging and interdisciplinary fields, undertak-
ing the key, conceptually simple experiments required to
test these predictions is constrained by the limitations of
the methods and techniques available. For example in bac-
teria targeted disruptions have been useful in testing the
fitness consequences of specific phenotypes (e.g. [64]),
however, specific candidate genes for apoptosis in malaria
are lacking and complex traits are difficult to disrupt. In
the next section we outline the methodological constraints
that currently impede the collection of data of high
enough quality to undertake quantitative tests of the evo-
lutionary explanations for parasite apoptosis. Given the
medical and economic implications of malaria parasites
and the drive to develop transmission-blocking interven-
tion strategies, understanding their transmission biology
from an evolutionary perspective is also timely and
important.
Table 1 Variation in rates of apoptosis and temporal patterns observed in malaria parasites (Continued)
ookinetes In vitro In RPMI Fragmented DNA In situ cell death detection kit,
Flourescein (Roche)
15 hrs - 7.29 (±3.84)%
18 hrs - 7.41 (±4.90)%
21 hrs - 6.09 (±2.92)%
24 hrs - 9.70 (±0.36)%
P.
falciparum
ookinete [25] In vivo Fragmented DNA TUNEL (histochemical,
Calbiochem, UK)
24 hrs - 67.8 (±2.82)%
Asexual blood
stages
(trophozoites &
schizonts)
[23] In vivo after treatment
with chloroquine
Loss of
mitochondrial
transmembrane
potential
Carbocyanine dye JC-1 Timings and proportions
positive not reported
Fragmented DNA TUNEL (fluorescent, Roche)
[26] In vivo after treatment
with chloroquine
DNA laddering After electrophoresis, Southern
blotting and autoradiography, a
ladder pattern observed
Timings and proportions
positive not reported
P.
falciparum
Asexual blood
stages
[38] In vivo after treatment
with chloroquine (CQ)
or staurosporine (ST)
Loss of
mitochondrial
transmembrane
potential
Cell-permeable lipophillic cation
probe JC-1 (Molecular probes,
Eugene, USA)
10% in untreated cultures
increased to 31% (CQ) and
25% (ST)
Caspase-like
activity
CaspaTag (Chemicon
international, USA)
10% in untreated cultures
increased to 34% (CQ) and
32% (ST)
Fragmented DNA ApoDirect DNA fragmentation
assay kit (Clontech, San Diego,
USA)
10% in untreated cultures
increased to 27% (CQ) and
56% (ST)
Results organised by life-cycle stage and study. Although the majority of studies summarised here have focused on the ookinete parasite stage, there is still
considerable variation in the proportion of cells judged to be apoptotic. This variation may be due to differences in experimental set up between labs,e . g .t h e
nutrients available to parasites and the densities of cultures. Assays of apoptosis may also vary at specific time points in the proportions of positive cells
depending on the time scale of the processes being assayed. When parasites are assayed over a time course there is a general trend for an increase in positive
cells with time. * Pollitt et al. reported here (figure 2) $ Pollitt et al. reported here (figures 4 & 5)
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morphological markers
We suggest that to examine the evolutionary causes and
consequences of apoptosis in malaria parasites, their
ecology must be taken into account when deciding
which assays to use and how best to apply them. In
Table 2 we outline the markers and assays available,
highlighting their suitability (from an ecological perspec-
tive) for use with malaria parasites, and we discuss the
general issues below.
Which markers matter?
Many kits for assaying markers of apoptosis in mamma-
lian cells are commercially available. However, it is not
clear which markers are most suitable for measuring
apoptosis in protozoan parasites. For example, one often
used marker for apoptosis in mammalian cells is the
translocation of phosphatidylserine to the outside of the
cell membrane, which is detected using an annexin
assay. In mammals phosphatidylserine provides a signal
for the apoptotic cell to be engulfed by phagocyctes,
which prevents the cell from disintegrating and the
resultant debris from causing inflammation. Whilst such
a ‘tidy death’ is clearly advantageous in a muticellular
organism, it may not be an applicable concern for sin-
gle-celled ookinetes in the mosquito midgut. However,
the presence of this marker in yeast and leishmania sug-
gests that it may have additional functions [16,65]. In
leishmania it is thought that phosphatidylserine translo-
cation acts as a form of ‘apoptotic mimicry’ which aids
the parasite in infecting macrophages [65]. In yeast the
reason for the membrane altering during apoptosis is
not yet known, however an interesting possibility is that
it could act as a signal to other yeast cells.
Another common marker for apoptosis is caspase
activity. In mammalian cells, classical apoptosis is trig-
gered by the activation of caspases, which are apoptosis-
specific cysteine proteases within the clan CD [66]. Part
of the controversy surrounding the characterisation of
parasite apoptosis stems from the absence of ‘true’
(canonical) caspases in protozoans [27,67]. However,
ancient caspase homologues (known as metacaspases)
are present in the genomes of plants, fungi and protozoa
[68]. In plants and fungi metacaspases have been shown
to be involved in apoptosis [69] and four metacaspases
have been identified in the Schistosoma mansoni and
S. japonicum [67,70] which could also play a role in a
form of PCD. In Plasmodium there are three metacas-
pases (PxMC1, PxMC2 and PxMC3), and like the mam-
malian counterparts, they all posses a defined pro-region
and a catalytic domain that is indicative of the clan CD,
family C14 caspases. It has been suggested that one or
more of these metacaspases can carry out a functionally
analogous biological role to metazoan caspases, and
although data are scarce, they have been linked to pro-
grammed cell death in some unicellular organisms
[44,71-73]. Of the three metacaspases in Plasmodium,
MC1 may represent the best candidate enzyme to be
involved in a form of PCD in Plasmodium as it is the
only MC that has the required predicted catalytic
cysteine and histidine residues in the correct context for
an active enzyme, and is typified by the P. falciparum
enzyme PfMC1 (PF13_0289) ([74], Sajid personal com-
munication) However, it is now evident, from work on
mammalian cells, that beside the caspase dependent
form of apoptosis a caspase independent form can also
occur [8,75].
The role of metacaspases in parasite apoptosis is con-
troversial, and contrasting conclusions have been drawn
from different experiments [8,27,76]. Supporting data
come from studies showing that the addition of the
broad spectrum caspase inhibitor Z-VAD.fmk results in
a reduction of the number of ookinetes displaying a
variety of apoptotic morphologies, and also a doubling
in the number of oocysts in the mosquito midgut [24].
In contrast, one study examining a P. berghei line in
which PbMC1 has been deleted, found no loss of
Figure 2 Markers for apoptosis vary over time and between
species. Graphs show the proportion of ookinete stage parasites
displaying DNA fragmentation as measured by TUNEL (solid lines)
and Caspase-like activity (dashed lines) as measured by CaspaTag™
Pan-Caspase In Situ Assay Kit, Fluorescein in conjunction with
propidium iodide (Chemicon international, USA) in Plasmodium
berghei (red lines with crosses) and Plasmodium yoelii (blue lines
with circles). Bars show standard errors of the mean and values are
based on between 3 and 6 individual infections per time point. For
each mouse 8 ookinete cultures were set up which were incubated
for 14 hours before the cultures from each mouse were pooled and
purified for ookinetes using macs ls cell separation columns
(Miltenyi biotec). The resulting purified ookinetes were then
alliquated into 8 individual 1 ml cultures (1 per time point for 2
assays) containing complete ookinete media. These cultures were
then returned to the incubator until the time relevant time point
(15, 18, 21 or 24 hours post culture set up). More detailed
methodology is available in Additional file 1.
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Marker of
apoptosis
Example of
assay used
Method of detection Practical considerations Relevance for malaria ecology
Activation of
caspase-like
molecules
CaspaTag
(Chemicon
international,
USA)
A fluorescent labelled general caspase
inhibitor (FAM.VAD.fmk (green) and
SR.DEVD.fmk (red)) binds to active
caspase within the cell. Positive cells
fluoresce under fluorescent
microscope
- Quick and easy to use The role of caspase-like molecules is
controversial in protozoan parasites,
therefore it is not possible to be
certain that apoptosis is being
detected. However, if caspase
molecules are a reliable marker they
would be useful as an early marker
of induction.
-Results not as clear as with
TUNEL
- Viability tests can be
performed in conjunction
- Large scale experiments
possible
The caspase inhibitor used in
the caspase assay is broad
spectrum and therefore may
cross-react with unrelated
molecules.
Depolarisation of
mitochondria outer
membrane
JC-1 assay kit
(Molecular
Probes, UK)
JC-1 is a cationic carbocyanine dye
that accumulates in mitochondria.
Loss of mitochondrial membrane
potential can be detected by the
shifting of emission of fluorescence
from orange (polarised mitochondrial
membrane) to green (depolarised
mitochondrial membrane).
- Quick and easy to use The role of mitochondria in malaria
apoptosis not well established.
However, if markers prove to be
reliable they would be useful as an
early marker of induction.
- Viability tests can be
performed in conjunction
Condensed
chromatin
Acridine
orange
(Sigma)
Differentially stains SS and DS nucleic
acids - enables the detection of
condensed chromatin. Apoptotic cells
should show an intense red staining
in nucleus
- Quick and easy to use Good relevance as we would expect
this process to be the same for
mammalian and protozoan cells.
False positives possible and
Results not as clear as with
TUNEL
- Viability tests can be
performed in conjunction
- Large scale experiments
possible
Translocation of
phosphatidylserine
to outer cell
membrane
Annexin V-
FITC
apoptosis
detection kit
(Sigma, UK)
Positive display green annexin
labelling on the cell surface, which
can be detected by fluorescent
microscopy
- Quick and easy to use May not be relevant for malaria cells
for two reasons.
- Results not as clear as with
TUNEL
1. The cell membrane of protozoan
parasites is very different to that of
mammalian cells.
- Viability tests can be
performed in conjunction
2. The ultimate reason for
mammalian cells expressing
phosphatidylserine on the outside of
apoptotic bodies in order to be
taken up by phagocytes, is not
relevant for the mosquito midgut.
- Large scale experiments
possible
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Page 7 of 13apoptosis (judged using CaspaTag) and therefore con-
cluded that it may be a functionally redundant gene
[77]. However, these authors did not apply any other
markers to their knock out line and found very low
rates of phosphatidylserine translocation and no DNA
fragmentation or chromatin condensation with their
wild-type line. Our own research has shown that when
compared to genetically intact parasites, this PbMC1
knock out line reaches higher ookinete and oocyst den-
sities in infected mosquitoes and that this translates into
lower sporozoite production and higher mosquito mor-
tality (Pollitt et al., unpublished data). This
demonstrates there is a cost to sporogony at high para-
site densities and suggests that PbMC1 mediates ooki-
nete numbers although it is not yet clear if this is
through apoptosis.
Recent research has implicated clan CA cysteine pro-
teases in chloroquine mediated apoptosis [38]. However,
the use of inhibitor/probes developed for use in humans
or other systems with canonical caspases should be
viewed with caution. To date there are no proteases
from Plasmodium that have a specificity for Asp at P1
(as per Val-Ala-Asp (P3-P2-P1)) of the caspase selective
probes. This together with irreversible nature (fmk) of
Table 2 Summary of some commonly used markers for apoptosis (Continued)
Fragmented DNA
leading to the
generation of
fragments with 3’OH
groups
In situ cell
death
detection kit,
Flourescein
(Roche)
DNA of fixed and permeabilized cells
labelled by the addition of flourescein
dUTP at strand breaks by terminal
transferase. Flourescein then detected
by fluorescent microscopy (figure 3)
- More laborious than using
Acridine orange, CaspaTag or
Annexin V detection
Good relevance as we would expect
this process to be the same for
mammalian and protozoan cells.
However as DNA fragmentation is
thought to be a late process in
apoptosis may only see markers at a
later time point than induction of
apoptosis pathways.
- Gives clear unambiguous
results.
- Requires cells to be dead so
cannot perform viability tests
in conjunction.
- Slides can be stored (at 5°C)
for a few days allowing later
analysis and therefore large
scale experiments.
Some necrotic cells may show
positive.
Morphological
Markers e.g.
membrane blebbing
and formation of
apoptotic bodies
Electron
microscopy
Observation of cell morphology
under electron microscope to detect
membrane blebing or formation of
apoptotic bodies
Time consuming and
expensive
Malaria parasite cells differ in
structural aspects from mammalian
cells, it is therefore not clear whether
the structural changes observed in
mammalian cells would be relevant
for these parasites. The ultimate
reasons for formation of apoptotic
bodies to be taken up by
macrophages also not relevant in the
mosquito midgut.
- Not a good basis for
morphological changes seen
in malaria apoptosis
- Requires cells to be dead so
cannot perform viability tests
in conjunction.
- Large scale experiments not
possible but may be useful in
conjunction with other assays
Detecting cell viability
Propidium iodide (PI) Propidium
iodide
(Roche)
Stain is taken up in cells with
compromised membranes causing
cells to display a red fluorescence.
- Quick and easy to use Useful method for assessing viability
of cells which can be used in
conjunction with other assays of
apoptosis.
- Cells must be viewed quickly
after application
- Can be used in conjunction
with assays on live cells e.g.
CaspaTag.
Particular reference is paid to their ecological and practical considerations when using to test evolutionary predictions. For more details on the markers of
apoptosis in protozoan parasites see paper by Jiménez-Ruiz et al. (’Apoptotic markers in protozoan parasites’) in this thematic.
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Page 8 of 13these probes is likely to lead to off target inhibition and
the clan CA may be amongst these off target hits [78].
This problem is compounded if these inhibitors are
used either at very high concentrations or they are used
over an extended time period.
How should assays be applied?
One of the attractions of using the activation of caspase-
like molecules as a marker for apoptosis is the ability to
assay cells in the early stages of apoptosis. This is
important for studies aiming to assay apoptosis at biolo-
gically relevant time points. For example, ookinetes
begin to develop from retort (immature) forms at
around 8 hours post fertilisation and begin to invade the
gut epithelium at 18-20 hours for P. yoelii, although
these timings vary between malaria parasite species [36].
If some ookinetes undergo apoptosis in order to provide
a benefit to others, we expect apoptosis will be initiated
before 18-20 hours post fertilisation. Therefore, it is
important to assay apoptosis rates before ookinetes have
either died or transformed to the next life cycle stage.
Assays for depolarisation of mitochondrial membrane
potential may also have the advantage of being an early
marker of apoptosis [79,80], however, as with many of
assays discussed here the relevance for malaria parasite
cells has not yet been established. Intuitively, assaying
the activation of death executors would appear to be the
best approach when testing whether levels of apoptosis
are linked to developmental schedule, but early apopto-
tic mammalian cells can be saved [81] and it is not yet
known at what stage parasites become irreversibly com-
mitted to dying.
A possible solution to this problem is to assay
morphologies observed at the end of the apoptosis pro-
gram, such as DNA fragmentation. However, this
approach may complicate the ambition of examining
apoptosis in a biologically relevant timeframe. The key
question is how long does the apoptosis program in
malaria parasites take? For example, if ookinetes are
predicted to initiate apoptosis at 18 hours post fertilisa-
tion, how much later should DNA fragmentation be
assayed? We show a preliminary examination of this
issue in Figure 3. The proportion of cells with fragmen-
ted DNA at the time points measured are significantly
lower than those displaying caspase-like activity, but
clearly more studies are required to characterise the
time lags between the activation of apoptosis and the
appearance of the resulting morphologies. These studies
should be designed with reference to the developmental
schedules of parasite species that undergo sporogony at
different temperatures. Another problem with assaying
late-stage apoptosis morphologies is the validity of com-
bining assays to distinguish between apoptotic cells and
necrotic cells. Furthermore, any temporal variation in
how individual parasites initiate and progress through
apoptosis will make it difficult to distinguish between
cells in a sample that are healthy, undergoing apoptosis,
have died by apoptosis, or have died by necrosis. This
could be further complicated by the fact that assays
such as TUNEL for DNA fragmentation can also be
positive in necrotic cells. This all points to the impor-
tance of having reliable time-lines for the changes asso-
ciated with the different forms of cell death.
In our experience, measuring DNA fragmentation by
fluorescent TUNEL assay appears to provide repeatable
and non-subjective results (positive cells show an
obviously fluorescing nucleus; Figure 3). Fragmentation
of DNA is also a well defined end point to a program of
programmed cell death. However, because TUNEL
assays are applied to fixed and permeabilized cells, para-
sites that do not display DNA fragmentation cannot be
further characterised as healthy or necrotic. For this rea-
son, assays that can be applied to live parasites are very
useful, such as CaspaTag (but see ‘which markers mat-
ter’ section). Because most apoptosis assays have been
developed for mammalian cells, the protocols involved
may not always be appropriate for live parasites. For
example, ookinete stage malaria parasites develop at
considerably lower temperatures and would experience
significant stress and heat shock if treated at 37°C dur-
ing assaying. Electron microscopy on parasite nuclei can
be useful to verify and compare processes in order to
reliably discriminate between apoptosis and other forms
Figure 3 Identification of DNA fragmentation by fluorescent
TUNEL assay. Images of P. berghei ookinetes with fragmented DNA
marked using a TUNEL assay (In situ cell death detection kit,
Fluorescein, Roche) at 21 hours post culture. Positive cells show a
bright green nucleus. Negative controls were incubated with only
the label solution without the enzyme and positive controls had
DNA strand breaks induced with DNase 1 recombinant (3 units/ml
for 10 mins at 20°C) before labelling (DNase 1 recombinant, grade 1,
Roche). DAPI staining was used to check the location of the
nucleus. More detailed methodology is available in Additional file 1.
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Page 9 of 13of programmed cell death. However, this is not practical
for hypothesis testing on large numbers of cells. For
most experiments wanting to study ecological variation
then it is also necessary that assays allow high through-
put of samples. In these situations assays on dead and
fixed parasites that can be stored for later analysis (e.g.
fluorescent TUNEL) are more practical.
In addition to studies that characterise parasite apop-
tosis programs, technical developments are required so
that assays can be applied to large numbers of cells and
enable their morphologies to be efficiently and accu-
rately quantified.
Variation: noise or not?
A major challenge for evolutionary biology is explaining
variation in traits observed across genotypes, and within
the same genotype in different environments. The rela-
tive proportions of parasites recorded as undergoing
apoptosis varies over time, between markers and across
studies (see Table 1). This variation is common in evo-
lutionary studies of phenotypic traits and initially seems
difficult to interpret. The challenge is to identify pat-
terns and understand what is driving them. Recent stu-
dies have revealed that malaria parasites detect and
respond to subtle changes in the conditions they
encounter during infections by altering traits such
as investment in gametocytes and their sex ratio
[31,62,63,82]. These conditions include the density of
clone-mates and genetic diversity of co-infecting para-
sites, which are also the factors predicted to influence
levels of apoptosis. Therefore, variation across studies in
infections and/or experimental set up may result in dif-
ferences in the cues that parasites experience or their
ability to detect this information.
Our data show that even within controlled replicate
infections - initiated with the same infective dose of
the same parasite clone in the same batch of hosts -
there is variation in the proportion of parasites display-
ing markers of apoptosis (Figure 4). This may be due
to parasites responding to subtle variation in parasite
densities or other aspects of their within-host environ-
ment, such as immune challenge or anaemia. However,
when the data from individual infections within an
experimental group are combined and we compare two
replicate experimental groups, we see that individual
replicates are noisy but patterns are consistent (Figure
5). This suggests that it is possible to reliably detect
patterns but large sample sizes (number of indepen-
dent infections) and standard conditions are required.
Also, where possible, variables such as parasite density
should be recorded in order to control for its potential
influence on rates of apoptosis.
Parasite ecology may also be important for under-
standing variation in apoptosis behaviour between differ-
ent parasite species. For example, a comparison of our
data for rates of apoptosis observed in P. berghei and
the related rodent malaria species P. yoelii (Figure 2)
reveals significantly different patterns of caspase-like
expression over time (species*time c
2
1 =4 . 3 8 ,p=
0.046). The proportion of parasites assaying positive
Figure 4 Replicate experimental infections show variation for
proportions of parasites showing caspase-like activity and
viability. Two sets of replicate experiments were set up by infecting
10 male MF1 mice 8-10 weeks old per replicate with 10
7 P. berghei
parasites after pre-treatment with Phenylhydrazine 2 days pre-
infection (120 mg/kg). One mouse from experiment 1 failed to
become infected so was removed from the study. Cultures were
then set up 4 days post infection. After 18 hours ookinetes were
purified using MACS LS cell separation columns (Miltenyi biotec)
and a minimum of 30 parasites were assayed for caspase like
activity and viability using CaspaTag™ Pan-Caspase In Situ Assay Kit,
Fluorescein in conjunction with propidium iodide (Chemicon
international, USA). Green indicates healthy ookinetes negative for
caspase-like activity with intact membranes, yellow indicates early
apoptotic ookinetes displaying caspase-like activity with intact
membranes, orange indicates late apoptotic ookinetes displaying
caspase-like activity but also compromised membranes and red
indicates dead cells with compromised membranes [25]. More
detailed methodology is available in Additional file 1.
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Page 10 of 13with TUNEL was not significantly different over time
(c
2
1 = 0.001, p > 0.5). However the proportion positive
at 21 hours was significantly lower in P. yoelii (t = 2.37,
df = 8, p = 0.045). Given the debate over the reliability
of using caspase-like activity as a marker of apoptosis in
Plasmodium, we propose that a more accurate picture is
gained from focussing on the TUNEL positive cells. Can
differences in species ecology explain the difference in
levels of DNA fragmentation in these species? A possi-
ble explanation is that as P. berghei parasites can reach
considerably greater oocyst densities than P. yoelii,
higher rates of apoptosis are required for P. berghei
survivors to gain a benefit in terms of increased trans-
mission success. With this in mind it would be interest-
ing to examine the rates of apoptosis in other malaria
parasite species.
Conclusions
The discovery of apoptosis-like cell death in single
celled protozoans such as malaria parasites provides an
exciting challenge for evolutionary biology to explain
and a new direction for intervention strategies. Progress
in both of these fields requires evolutionary biologists to
work together with cell biologists to develop reliable
high throughput assays to study variation in apoptosis
in response to the key parameters of parasite density
and infection genetic diversity. At the same time,
debates on the best markers for assaying apoptosis and
appropriate terminology need to be resolved.
Additional material
Additional file 1: Supplementary information. More detailed Methods
for our data presented here can be found in the supplementary
information.
Acknowledgements
We thank members of COST Action Network (BM0802) and Giles K.P Barra
for insight and discussion, Aidan O’Donnell and Fiona MacTaggart for
practical assistance and also Hillary Hurd and three anonymous reviewers for
improving the manuscript. LCP is funded by a NERC studentship and
practical work was funded by a Wellcome Trust fellowship (WT082234MA) to
SER.
Author details
1Institute of Evolutionary Biology, University of Edinburgh, Edinburgh, School
of Biological Sciences, Edinburgh, EH9 3JT, UK.
2Leiden Malaria Research
group, Department of Parasitology, Leiden University Medical Center, The
Netherlands.
3Centre for Immunity, Infection and Evolution, University of
Edinburgh, School of Biological Sciences, Edinburgh, EH9 3JT, UK.
Authors’ contributions
LCP collected the results presented here and wrote the first draft of the
manuscript, SER assisted in the design of experiments and helped to draft
the manuscript. NC, SKM, MS all participated in the formation of the final
version of the manuscript and helped to draft specific sections. All authors
read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 11 August 2010 Accepted: 16 November 2010
Published: 16 November 2010
References
1. Popov LS, Korochkin LI: Apoptosis: genetically programmed cell death.
Russ J Genet 2004, 40:99-113.
2. Saran S: Programmed cell death. Curr Sci 2000, 78:575-586.
3. Kerr JF, Wyllie AH, Currie AR: Apoptosis: a basic biological phenomenon
with wide ranging implications in tissue kinetics. Br J Cancer 1972,
26:239-257.
4. Meier P, Finch A, Evan G: Apoptosis in development. Nature 2000,
407:796-801.
5. Sayan BS, Ince G, Sayan AE, Ozturk M: NAPO as a novel marker for
apoptosis. J Cell Biol 2001, 155:719-724.
6. Kroemer G, Galluzzi L, Vandenebeele P, Adbrams J, Alnemri ES,
Baehrecke EH, Blagosklonny MV, El-Deiry WS, Golstein P, Green DR,
Hengartner M, Knight RA, Kumar S, Lipton SA, Malorni W, Nunez G,
Peter ME, Tschopp J, Yuan J, Piacentini M, Zhivotovsky B, Melino G:
Classification of cell death: recommendations of the Nomenclature
Committee on Cell Death 2009. Cell Death Differ 2009, 16:3-11.
7. Savil J, Fadok V: Corpse clearance defines the meaning of cell death.
Nature 2000, 407:784-788.
8. Deponte M: Programmed cell death in protists. Biochim Biophys Acta
2008, 1783:1396-1405.
9. Debrabant A, Lee N, Bertholet S, Duncon R, Nakhasi HL: Programmed cell
death in trypanosomatids and other unicellular organisms. Int J Parasitol
2003, 33:257-267.
10. Bruchhaus I, Roeder T, Rennenberg A, Heussler V: Protozoan parasites:
programmed cell death as a mechanism of parasitism. Trends Parasitol
2007, 23:376-383.
11. Ameisen JC: On the origin, evolution, and nature of programmed cell
death: a timeline of four billion years. Cell Death Differ 2002, 9:367-393.
12. Gordeeva AV, Labas YA, Zvyagilskaya RA: Apoptosis in unicellular
organisms: mechanisms and evolution. Biochem (Mosc) 2004,
69:1055-1066.
Figure 5 Between experiments markers of apoptosis and death
are repeatable. Data taken from the experiments described in
figure 4. Average proportion of ookinetes classified into 4 categories
(healthy, early apoptotic, late apoptotic or dead) across 9 replicate
infections for experiment 1 (yellow) and 10 replicate infections for
experiment 2 (green). Although there is variation for replicate
infections within experiments (figure 4) there is no significant
variation between the cells categorised into each condition
between 2 experiments carried out on different days (c
2 = 5.81
(3 df), p > 0.1). Error bars show the standard error of the mean.
Pollitt et al. Parasites & Vectors 2010, 3:105
http://www.parasitesandvectors.com/content/3/1/105
Page 11 of 1313. Sat B, Hazan R, Fisher T, Khaner H, Glaser G, Engelberg-Kulka H:
Programmed cell death in Escherichia coli: some antibiotics can trigger
mazEF lethality. J Bacteriol 2001, 183:2041-2045.
14. Cornillon S, Foa C, Daboust J, Buonavista N, Gross JD, Golstein P:
Programmed cell death in Dictostelium. J Cell Sci 1994, 107:2691-2704.
15. Madeo F, Engelhardt S, Herker E, Lehmann N, Maldener C, Proksch A,
Wissing S, Frohlich KU: Apoptosis in yeast: a new model system with
applications in cell biology and medicine. Curr Genet 2002, 41:208-216.
16. Fröhlich KU, Madeo F: Apoptosis in yeast - a monocellular organism
exhibits altruistic behaviour. FEBS Lett 2000, 473:6-9.
17. Moharikar S, D’Souza JS, Kulkarni AB, Rao BJ: Apoptotic-like cell death
pathway is induced in unicellular chlorophyte Chlamydomonas
reinhardtii (chlorophyceae) cells following UV irradiation: detection and
functional analyses. J Phycol 2006, 42:423-433.
18. Moreira MEC, Del Portillo HA, Milder RV, Balanco JM, Barcinski MA: Heat
shock induction of apoptosis in promastigotes of the unicellular
organism Leishmania (Leishmania) amazonensis. J Cell Physiol 1996,
167:305-313.
19. Ameisen JC, Idziorek T, Billautmulot O, Loyens M, Tissier JP, Potentier A,
Ouaissi A: Apoptosis In A Unicellular Eukaryote (Trypanosoma cruzi)-
Implications For The Evolutionary Origin And Role Of Programmed Cell-
Death In The Control Of Cell-Proliferation, Differentiation And Survival.
Cell Death Differ 1995, 2:285-300.
20. Duszenko M, Figarella K, Macleod ET, Welburn SC: Death of a
trypanosome: a selfish altruism. Trends Parasitol 2006, 22:536-542.
21. Welburn SC, Macleod E, Figarella K, Duzensko M: Programmed cell death
in African trypanosomes. Parasitolgy 2006, 132:s7-s18.
22. Zangger H, Mottram JC, Fasel N: Cell death in Leishmania induced by
stress and differentiation: programmed cell death or necrosis? Cell Death
Differ 2002, 9:1126-1139.
23. Meslin B, Barnadas C, Boni V, Latour C, De Monbrison F, Kaiser K, Picot S:
Features of apoptosis in Plasmodium falciparum erythrocytic stage
through a putative role of PfMCA1 metacaspase-like protein. J Infect Dis
2007, 195:1852-1859.
24. Al-Olayan EM, Williams GT, Hurd H: Apoptosis in the malaria protozoan,
Plasmodium berghei: a possible mechanism for limiting intensity of
infection in the mosquito. Int J Parasitol 2002, 32:1133-1143.
25. Arambage SC, Grant KM, Pardo I, Ranford-Cartwright L, Hurd H: Malaria
ookinetes exhibit multiple markers for apoptosis-like programmed cell
death in vitro. Parasit Vectors 2009, 2:32.
26. Picot S, Burnod J, Bracchi V, Chumpitazi BFF, Ambroise-Thomas P:
Apoptosis related to chloroquine sensitivity of the human malaria
parasite Plasmodium falciparum. Trans R Soc Trop Med Hyg 1997,
91:590-591.
27. Vercammen D, Declercq W, Vandenabeele P, Van Breusegem F: Are
metacaspases caspases? J Cell Biol 2007, 179:375-380.
28. Degterev A, Yuan J: Expansion and evolution of cell death programmes.
Nat Rev Mol Cell Biol 2008, 9:378-390.
29. Totino PR, Daniel-Ribeiro CT, Corte-Real S, Ferreira-da-Cruz M de F:
Plasmodium faliciparum: Erythrocytic stages die by autophagic-like cell
death under drug pressure. Exp Parasitol 2008, 118:478-486.
30. Paul REL, Ariey F, Robert V: The evolutionary ecology of Plasmodium. Ecol
Lett 2003, 6:866-880.
31. Reece SE, Ramiro RS, Nussey DH: Plastic parasites: sophisticated strategies
for survival and reproduction? Evol Appl 2009, 2:11-23.
32. Mackinnon MJ, Marsh K: The Selection Landscape of Malaria Parasites.
Science 2010, 328:866-871.
33. Mackinnon MJ, Read AF: Virulence in malaria: an evolutionary viewpoint.
Philos Trans R Soc Lon B Biol Sci 2004, 359:965-986.
34. Bannister L, Mitchell G: The ins, outs and roundabouts of malaria. Trends
Parasitol 2003, 19:209-213.
35. Ross R: On some peculiar pigmented cells found in two mosquitos fed
on malarial blood. Br Med J 1897, 18:1786-1788.
36. Beier JC: Malaria parasite development in mosquitoes. Annu Rev Entomol
1998, 43:519-543.
37. Sinden RE, Dawes EJ, Alavi Y, Waldock J, Finney O, Mendoza J, Butcher GA,
Andrews L, Hill AV, Gilbert SC, Basanez MG: Progression of Plasmodium
berghei through Anopheles stephensi is density-dependent. PLoS Pathog
2007, 3:2005-2016.
38. Ch’ng JH, Kotturi SR, Chong AGL, Lear MJ, Tan KSW: A programmed cell
death pathway in the malaria parasite Plasmodium falciparum has
general features of mammalian apoptosis but is mediated by clan CA
cysteine proteases. Cell Death Dis 2010, 1:e26.
39. Taliaferro WH, Taliaferro LG: The Effect of Immunity on the Asexual
Reproduction of Plasmodium brasilianum. J Infect Dis 1944, 75:1-32.
40. Jensen JB, Boland MT, Akood M: Induction of crisis forms in cultured
Plasmodium falciparum with human immune serum from Sudan. Science
1982, 216:1230-1233.
41. Tiffert T, Ginsburg H, Krugliak M, Elford BC, Lew VL: Potent antimalarial
activity of clotrimazole in in vitro cultures of Plasmodium falciparum. Proc
Natl Acad Sci USA 2000, 97:331-336.
42. Stevenson MM, Ghadirian E, Phillips NC, Rae D, Podoba JE: Role of
mononuclear phagocytes in elimination of Plasmodium chabaudi AS
infection. Parasite Immunol 1989, 11:529-544.
43. Barnwell J, Desowitz R: Studies on parasitic crisis in malaria: I. Signs of
impending crisis in Plasmodium berghei infections of the white rat. Ann
Trop Med Parasitol 1977, 1:429-433.
44. Gonzalez IJ, Desponds C, Schaff C, Mottram JC, Fasel N: Leishmania major
metacaspase can replace yeast metacaspase in programmed cell death
and has arginine-specific cysteine peptidase activity. Int J Parasitol 2007,
37:161-172.
45. Poulin R: Evolutionary Ecology of Parasites Princeton, USA: Princeton
University Press; 2007.
46. Ewald PW: Host-parasite relations, vectors and the evolution of disease
severity. Annu Rev Ecol Syst 1983, 14:465-485.
47. Ebert D, Herre EA: The evolution of parasitic diseases. Parasitol Today
1996, 12:96-101.
48. Hurd H, Carter V: The role of programmed cell death in Plasmodium-
mosquito interactions. Int J Parasitol 2004, 34:1459-1472.
49. Welburn S, Maudlin I: Control of Trypanosoma brucei brucei infections in
tsetse, Glossina morsitans. Med Vet Entomol 1997, 11:286-289.
50. Hamilton WD: The evolution of altruistic behaviour. Am Nat 1963,
97:354-356.
51. Hamilton WD: The genetical evolution of social behaviour, I & II. J Theor
Biol 1964, 7:1-52.
52. Hurd H, Carter V, Nacer A: Interactions between malaria and mosquitoes:
The role of apoptosis in parasite establishment and vector response to
infection. Curr Top Microbiol Immunol 2005, 289:185-217.
53. Gwadz R, Collins FH: Anopheline mosquitoes and the agents they
transmit. In The biology of disease vectors. Edited by: Beaty BJ, Marquardt
WC, Niwot. Colorado: University press of Colorado; 1996.
54. Ferguson HM, Read AF: Why is the effect of malaria parasites on
mosquito survival still unresolved? Trends Parasitol 2002, 18:256-261.
55. Rivero A, Ferguson HM: The energetic budget of Anopheles stephensi
infected with Plasmodium chabaudi: is energy depletion a mechanism
for virulence? Proc R Soc Lond B Biol Sci 2003, 270:1365-1371.
56. Hurd H, Grant KM, Arambage SC: Apoptosis-like death as a feature of
malaria infection in mosquitoes. Parasitology 2006, 132:S33-S47.
57. West SA, Griffin AS, Gardner A, Diggle SP: Social evolution theory for
microoganisms. Nat Rev Microbiol 2006, 4:597-607.
58. West SA, Diggle SP, Buckling A, Gardner A, Griffin AS: The social lives of
microbes. Annu Rev Ecol Evol Syst 2007, 38:53-77.
59. Webb JS, Givskov M, Kjelleberg S: Bacterial biofilms: prokaryotic
adventures in multicellularity. Curr Opin Microbiol 2003, 6:578-585.
60. Griffin AS, West SA, Buckling A: Cooperation and competition in
pathogenic bacteria. Nature 2004, 430:1024-1027.
61. Swift S, Allan DJ, Whitehead NA, Barnard AML, Salmond GPC, Williams P:
Quorum sensing as a population-density-dependent determinant of
bacterial physiology. Adv Microb Physiol 2001, 45:199-270.
62. Pollitt LC, Mideo N, Drew DR, Colegrave N, Schneider P, Reece SE:
Competition and the Evolution of Reproductive Restraint in Malaria
Parasites. Am Nat .
63. Reece SE, Drew DR, Gardner A: Sex ratio adjustment and kin
discrimination in malaria parasites. Nature 2008, 453:609-615.
64. Jiricny N, Diggle SP, West SA, Evans BA, Ballantyne G, Ross-Gillespie A:
Fitness correlates with the extent of cheating in a bacterium. J Evol Biol
2010, 23:738-747.
65. Tripathi A, Gupta CM: Transbilayer translocation of membrane
phosphatidylserine and its role in macrophage invasion in Leishmania
promastigotes. Mol Biochem Parasitol 2003, 128:1-9.
66. Rawlings ND, O’Brien E, Barrett AJ: MEROPS: the protease database. Nucleic
Acids Res 2002, 30:343-346.
Pollitt et al. Parasites & Vectors 2010, 3:105
http://www.parasitesandvectors.com/content/3/1/105
Page 12 of 1367. Atkinson HJ, Babbitt PC, Sajid M: The global cysteine peptidase landscape
in parasites. Trends Parasitol 2009, 25:573-581.
68. Uren AG, O’Rourke K, Aravind L, Pisabarro MT, Seshagiri S, Koonin EV,
Dixit VM: Identification of paracaspases and metacaspases: two ancient
families of caspase-like protiens, one of which plays a key role in MALT
lymphoma. Mol Cell 2000, 6:961-967.
69. He R, Drury GE, Rotari VI, Gordon A, Willer M, Farzaneh T, Woltering EJ,
Gallois P: Metacaspase-8 Modulates Programmed Cell Death Induced by
Ultraviolet Light and H2O2 in Arabidopsis. J Biol Chem 2008, 283:774-783.
70. Berriman M, Haas BJ, LoVerde PT, Wilson RA, Dillon GP, Cerqueira GC,
Mashiyama ST, Al-Lazikani B, Andrade LF, Ashton PD, Aslett MA,
Bartholomeu DC, Blandin G, Caffrey CR, Coghlan A, Coulson R, Day TA,
Delcher A, DeMarco R, Djikeng A, Eyre T, Gamble JA, Ghedin E, Gu Y, Hertz-
Fowler C, Hirai H, Hirai Y, Houston R, Ivens A, Johnston DA, Lacerda D,
Macedo CD, McVeigh P, Ning Z, Oliveira G, Overington JP, Parkhill J,
Pertea M, Pierce RJ, Protasio AV, Quail MA, Rajandream MA, Rogers J,
Sajid M, Salzberg SL, Stanke M, Tivey AR, White O, Williams DL, Wortman J,
Wu W, Zamanian M, Zerlotini A, Fraser-Liggett CM, Barrell BG, El-Sayed NM:
The genome of the blood fluke Schistosoma mansoni. Nature 2009,
460:352-358.
71. Madeo F, Herker E, Maldener C, Wissing S, Lächelt S, Herlan M, Fehr M,
Lauber K, Sigrist SJ, Wesselborg S, Fröhlich KU: A Caspase-Related Protease
Regulates Apoptosis in Yeast. Mol Cell 2002, 9:911-917.
72. Kosec G, Alvarez VE, Agüero F, Sánchez D, Dolinar M, Turk B, Turk V,
Cazzulo JJ: Metacaspases of Trypanosoma cruzi: Possible candidates for
programmed cell death mediators. Mol Biochem Parasitol 2006, 145:18-28.
73. Kosec G, Alvarez V, Cazzulo JJ: Cysteine proteinases of Trypanosoma cruzi:
from digestive enzymes to programmed cell death mediators. Biocell
2006, 30:479-490.
74. Mottram JC, Helms MJ, Coombs GH, Sajid M: Clan CD cysteine peptidases
of parasitic protozoa. Trends Parasitol 2003, 19:182-187.
75. Leist M, Jäättelä M: Four deaths and a funeral: from caspases to
alternative mechanisms. Nat Rev Mol Cell Biol 2001, 2:589-598.
76. Váchová L, Palková Z: Caspases in yeast apoptosis-like death: facts and
artefacts. FEMS Yeast Res 2007, 7:12-21.
77. Le Chat L, Sinden RE, Dessens JT: The role of metacaspase 1 in
Plasmodium berghei development and apoptosis. Mol Biochem Parasitol
2007, 153:41-47.
78. Rozman-Pungercar J, Kopitar-Jerala N, Bogyo M, Turk D, Vasiljeva O, Stefe I,
Vandenabeele P, Bromme D, Puizdar V, Fonovi M, Trstenjak-Prebanda M,
Dolenc I, Turk V, Turk B: Inhibition of papain-like cysteine proteases and
legumain by caspase-specific inhibitors: when reaction mechanism is
more important than specificity. Cell Death Differ 2003, 10:881-888.
79. Kroemer G, Dallaporta B, Resche-Rigon MI: The mitochondrial death/life
regulator in apoptosis and necrosis. Annu Rev Physiol 1998, 60:619-642.
80. Ly JD, Grubb DR, Lawen A: The mitochondrial membrane potential (Δψm)
in apoptosis; an update. Apoptosis 2003, 8:115-128.
81. Hengartner MO: The biochemistry of apoptosis. Nature 2000, 407:770-776.
82. Paul REL, Coulson TN, Raibaud A, Brey PT: Sex determination in malaria
parasites. Science 2000, 287:128-131.
83. Gautret P, Miltgen F, Gantier JC, Chabaud AG, Landau I: Enhanced
Gametocyte Formation by Plasmodium chabaudi in Immature
Erythrocytes: Pattern of Production, Sequestration, and Infectivity to
Mosquitoes. J Parasitol 1996, 82:900-906.
doi:10.1186/1756-3305-3-105
Cite this article as: Pollitt et al.: Investigating the evolution of apoptosis
in malaria parasites: the importance of ecology. Parasites & Vectors 2010
3:105. Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Pollitt et al. Parasites & Vectors 2010, 3:105
http://www.parasitesandvectors.com/content/3/1/105
Page 13 of 13